Plasma electrolytic oxidation (PEO) coating is gaining attention as a promising surface treatment technique for lightweight metals and alloys such as Al, Mg and Ti. The coating involves complex interactions among various process parameters including substrate composition, current modes and electrolyte composition. In this study, ceramic coating was produced in silicate based alkaline solution on Al-Mg alloy by pulsed PEO with different applied frequencies (100, 500, 1000, 2000 Hz). The resultant coating was characterized using FE-SEM, EDS and HR-XRD. The electrochemical characteristics of the PEO coating were also investigated in seawater solution. It was found that changing frequency in the PEO process had a prominent effect on both surface and crosssectional morphology of the coating. The electrochemical studies indicated that the pulsed PEO have improved the corrosion resistance of the Al-Mg substrate. In particular, the applied frequency of 100 Hz has produced one order of magnitude lower corrosion current density than that of the Al-Mg substrate.
Introduction
With the increasing demand on lightweight materials, Al alloys have received great attention for alternative material to replace conventional materials such as steel, since they have excellent strength to weigh ratio, thermal conductivity and electrical conductivity despite of their low density. However, because of their relatively low hardness, Al alloys have poor wear resistance compared with other alloys. Such poor surface properties constitute an obstacle to spreading of Al alloys for lightweight material, and therefore surface modification of the alloys are essential in practical applications. Plasma electrolytic oxidation (PEO) is a novel surface treatment technique for valve metals such as Al, Mg and Ti which converts the metal surface into ceramic oxide layer using microdischarge on surface. It is a similar process to anodizing but it is carried out at a higher voltage in dilute alkaline solutions. The hard ceramic coating layer produced by PEO possesses excellent corrosion, wear and thermal resistance, thus having a commercial appeal. There are increasingly many studies of PEO technology being undertaken in various countries across the world. These studies focus on surface enhancement by varying electrolyte composition or electrical parameters or explore the technical feasibility for commercialization by evaluating the * corresponding author; e-mail: ksj@mmu.ac.kr coating layer in terms of corrosion, wear and thermal resistance. Particularly, PEO coating technology with a pulsed current provides easy control of coating properties by adjusting duty ratio and frequency of pulse. The pulsed PEO coating produces relatively uniform and compact coating layer compared to normal current mode. Comprehensive work was carried out by A.L. Yerokhin et al. and R.O. Hussein et al. related to the influence of electrical parameters on coating characteristics in pulsed PEO coating process for Al and Al alloys [1] [2] [3] . However, the materials in their investigations were limited to 1000 or 6000 series Al alloy, and only a few studies have dealt with Al-Mg alloy. In this paper, PEO coating was fabricated on Al-Mg alloy in a pulsed current regime at different current frequencies. Various characterizations of the coating were carried out including surface and cross-sectional observation, elemental analysis, identification of crystalline structure and measurement of thickness and roughness along with electrochemical evaluation. The influence of applied frequency on coating layer was investigated.
Experimental method
The Al-Mg alloy (Si: 0.40, Fe: 0.15, Cu: 0.18, Mn: 0.18, Mg: 6.42, Cr: 0.12, Zn: 0.12, Ti: 0.01, Al: bal. wt.%) was used in this study as a substrate for PEO coating process. A rectangular sample with dimension of 20 × 20 × 5 mm 3 was mounted with epoxy resin to expose only the desired surface area of 4 cm 2 for PEO process, with conducting wire threaded to the opposite side. The sample (753) was polished with emery polishing paper up to 1000 grit, and then rinsed with acetone and deionized water, followed by hot air drying. The positive terminal of DC power supply was connected to the sample serving as anode and the negative terminal was connected to STS304 plate (150 × 300 mm 2 ) acting as cathode. The unipolar DC pulsed current of 0.1 A/cm 2 was applied to two electrodes immersed in an electrolyte solution at different frequencies (100, 500, 1000 and 2000 Hz) for 30 minutes while keeping the duty cycle at 20%. The micro-discharge phenomenon on surface during PEO coating process was recorded with digital camera. The process was carried out in dilute alkaline solution (KOH: 2 g/L + Na 2 SiO 3 : 2 g/L) temperature of which was maintained at approximately 20
• C by circulation and chilling of the electrolyte. After the coating process, the surface and cross-section of the PEO coating was observed with FE-SEM. EDS analysis was carried out to reveal elemental composition of the coating, and the crystalline phase was identified by HR-XRD. The thickness of the coating was measured with eddy-current thickness gauge, and the average of 20 readings was considered to be the thickness of the coating. The roughness of the coating surface was measured by 3D optical microscope with cut-off length of 0.8 µm, and the roughness value was averaged over 10 measurements. Potentiodynamic polarization experiment for non-processed substrate and PEO coatings was carried out to investigate the electrochemical characteristics of the coating in seawater solution. The polarization experiment was carried out in a three-electrode cell, the working electrode was the PEO-processed sample with an exposed area of 1 cm 2 ; Pt mesh was used as counter electrode; Ag/AgCl was used as reference electrode. The polarization was conducted from open circuit potential (OCP) to the anodic and cathodic directions (OCP ± 0.25 V) with a scanning rate of 1 V/min. The obtained polarization curves were analyzed with Tafel extrapolation method to determine the corrosion potential and corrosion current density.
Results and discussion
Figures 1a and b represent the voltage-time response and the corresponding micro-discharge evolution with time during PEO coating process with different applied frequencies, respectively. Typical voltage-time response during PEO coating process constitutes a rapid increase of voltage at very early stage where the oxide layer is formed by oxidation reaction, followed by a moderate increase of voltage at certain range [4] . In this voltage range (referred to breakdown voltage), dielectric breakdown occurs with visible micro-discharge on surface, accompanied by destruction of the previously formed oxide layer and growth of ceramic layer. In this study, from observation of the micro-discharge event, the breakdown voltages for all PEO coatings were determined to be approximately 460 V, showing a negligible dependence on the applied frequency. This is in accordance with the previous finding that the duty cycle during unipolar pulsed PEO coating is the prominent influencing factor on breakdown voltage rather than the frequency [5] . However, voltagetime behavior after the breakdown voltage was distinctive for different applied frequencies. It was observed that the increase of voltage was retarded for the applied frequency of 100 Hz, which is referred as the critical voltage. In the case of applied frequency of 500, 1000 and 2000 Hz, on the other hand, the voltage continued to increase gradually throughout the PEO coating process without the presence of critical voltage, which implies development of micro-discharge into localized arc discharge. At final stage, the applied frequency of 2000 Hz has generated the highest voltage of 660 V, while the frequency of 100 Hz showed the lowest voltage of 594 V among tested PEO processes. In this study, the overall micro-discharge evolution with time for PEO coating process involved three stages: (i) initial stage at breakdown voltage: uniform distribution of micro-discharges over surface (color: white); (ii) intermediate stage: decreased density but increased size of micro-discharges (color: yellow); (iii) final stage: further decreased density and transformation of the micro-discharge into arc (color: orange). The intensity of the micro-discharge at dielectric breakdown voltage could be distinguished very well between the applied frequencies. The frequency of 100 Hz can be characterized by relatively high intensity of micro-discharge during overall PEO process, compared to the other frequencies, and this was particularly pronounced at breakdown voltage. Figure 2 presents FE-SEM images for surface of PEO coatings produced at different frequencies and the corresponding EDS spectra with the result of elemental analysis. It was noticed that the surface produced at frequency of 100 Hz had presented a relatively porous structure, while 500 Hz had generated a "volcano-like structure", also referred as "crater", over the surface and this might somewhat reduce the porosity, but some pores were still observed. At the applied frequency of 1000 Hz and 2000 Hz, the crater structure was dominant over the entire surface with significantly reduced porosity. The appearance of craters is a typical surface feature of PEO coating, which is produced when the molten substrate material by high temperature plasma is erupted from coating-substrate interface and rapidly solidifies by the electrolyte at relatively low temperature [6] . The presence of a central pore on the crater indicated the discharging channel through which molten Al substrate has erupted. It was also observed that the number of craters showed an increasing tendency with the increasing applied frequency, and this is attributed to the short-lived plasma discharge due to relatively higher frequencies. The result of elemental analysis by EDS has revealed the elemental composition for the surface of PEO coating layer to contain Al, Mg, Si, O with trace amounts of K. It is considered that the Al and Mg were derived from the substrate, while both K and Si were electrolyte constituents. This confirms that the ceramic oxide layer existed mostly in the form of Al-based oxides or Si-based oxides. It was also revealed that a compositional difference was not pronounced between PEO coatings produced with different frequencies. This indicates that electrolyte composition or additives may exert more noticeable influences on composition of PEO coating, rather than the electrical parameters. Fig. 3 . X-ray diffraction pattern for PEO coating produced at different frequencies (s: substrate, γ: γ-alumina, η: η-alumina, B: bayerite). Figure 3 displays the X-ray diffraction patters of PEO coatings produced at different frequencies. All PEO coating layers, irrespective of applied frequency, had γ-alumina (γ-Al 2 O 3 ) and η-alumina (η-Al 2 O 3 ) peaks along with Al diffraction peaks. This suggests that the produced PEO coatings had γ-alumina as the main crystalline phase. This agrees with the previous report that the PEO coating of Al alloy with high amount of Mg produces γ-alumina as a dominant crystalline phase [4] [5] . In this study, it appears that the the produced aluminas were synthesized by two different processes. Generally, γ-alumina is one of transition aluminas with metastable phase, that are obtained by the thermal decomposition of Al hydroxides (Al(OH) 3 ). It is known to be formed under sintering in the temperature range of 450-750
• C [7] . From the result of XRD analysis, the γ-alumina is assumed to be derived from boehmite (γ-AlO(OH)), which is an Al oxide hydroxide and is later transformed into γ-alumina due to hydrothermal reaction driven by PEO process. On the other hand, the η-alumina is considered to be developed from bayerite (α-Al(OH) 3 ), which is confirmed by the presence of weak bayerite peak in the XRD pattern. Moreover, higher peak intensities of η-alumina were observed with the increasing applied frequency, and this is considered to be associated with insufficient hydrothermal reaction due to short-lived micro-discharge at relatively higher frequencies. For a given substrate composition, the formation of Al-Mg spinel (MgAl 2 O 4 ) was expected due to high-temperature plasma reaction, however the corresponding peak was not detected in this study. Furthermore, mullite (3Al 2 O 3 ·2SiO 2 ) peak was not detected, which is typically observed in PEO process of Al alloys with silicate based electrolyte. This is believed to be due to relatively low concentration of Na 2 SiO 3 in the electrolyte. It is evident that different cross-sectional morphology was produced at different applied frequencies. The dark area in the images indicates a hallow section filled with epoxy resin during the specimen preparation for SEM observation, and it represents the cross-sectional pore shape in the coating. It is observed that the PEO coatings had a wavy irregular structure developed along substratecoating interface, and this could possibly be due to selective dissolution of substrate or intermetallic compounds at the grain boundary during the PEO process [8] . Furthermore, it was noted that the coating thickness had increased with the increasing frequencies. This result conflicts with the result from the earlier work by other researcher, in which at low duty cycle of 20% the increasing frequency tends to decrease coating thickness, while at high duty cycle the effect of frequency becomes negligible [1] . This could be attributed to the difference in experimental conditions such as the substrate and the electrolyte compositions [9] . It is clearly seen from the SEM images that the PEO coating produced at frequency of 100 Hz presents a relatively dense microstructure with low porosity, compared with those produced at higher frequencies. On the whole, it appears that the crosssection of PEO coatings had more porosity and throughthickness pores with the increasing frequency. The presence of such porosity in the coating greatly influences the corrosion resistance of PEO coating system, providing a path for permeation of corrosive solution or a reservoir for the solution [10] . Hz were determined to be 1.3 µm and 1.6 µm, respectively, and this could indicate an increasing tendency of surface roughness but at the same time seems to be a minor difference, depending on the conditions. Generally, the principal factors influencing the PEO coating thickness are known to be current modes (DC, AC, unipolar pulse, bipolar pulse), composition and concentration of electrolyte as well as PEO process time. In this study, it was revealed that the frequency of pulse could have a significant influence on thickness growth of PEO coating [11] . Other researchers have reported the similar results with respect to relationship between the applied frequency and the thickness growth of PEO coating. They claimed that the increase of applied frequency promotes the thickness growth rate for PEO coating of AZ91D Mg alloy [12] . However, the result of this study is limited to the frequency effects with a relatively low duty cycle, and it is worth noting that different influences of frequencies can be expected at higher duty cycle. Therefore, it is important for pulsed PEO process of Al alloys to correlate duty cycle with frequency, and it is more desirable to establish relationship between frequency and duty cycle. The PEO coating produced at frequency of 100 Hz has exhibited the most noble corrosion potential (−0.676 V). Considering the corrosion current density, all PEO coatings had a lower corrosion current density than the substrate (3.5 × 10 −7 A/cm 2 ). In particular, the PEO coating produced at 100 Hz had the lowest corrosion current density, which is one order of magnitude lower than that of the substrate, followed by the PEO coating produced at 500 Hz (1.2 × 10 −7 A/cm 2 ). The PEO coatings produced at 1000 Hz and 2000 Hz represented the highest corrosion current density among tested PEO coatings, both showing similar electrochemical behavior. The above result indicates the overall improvement of corrosion resistance by PEO coating as compared to the substrate (non-PEO processed). The different behavior with the applied frequencies might be attributable to the cross-sectional microstructure, rather than elemental composition or surface morphology of the coating layer. The PEO coating at 100 Hz has shown a rather porous surface structure, while its cross-section structure appeared dense compared with other coatings. It was observed that increasing applied frequency had promoted crater structures on surface but had increased the formation of cross-sectional pores in the coating layer. Such through-thickness type of pores provides a path for ingression of corrosive solution, which can in turn initiate corrosion of substrate. The porosity in PEO coatings is formed by physical entrapment of oxygen evolved during PEO process within the coating layer [13] . Although it is quite challenging to prevent porosity formation during PEO process, the optimization of process parameters may help to suppress the porosity to a certain degree.
Conclusions
In this paper, we investigate the influence of applied frequency on the microstructural and electrochemical characteristics during pulsed PEO coating process of Al-Mg alloy, and the following conclusions have been reached:
1. In pulsed PEO coating of Al-Mg alloy, all frequency conditions exhibited a similar dielectric breakdown voltage with a slight difference in micro-discharge behavior, an especially high intensity observed at a relatively low frequency.
2. Controlling the applied frequency did not produce a large difference in elemental composition and crystalline phases of the surface layer, while the frequency had a pronounced influence on the surface and cross-sectional microstructure. Both thickness and surface roughness have shown an increasing tendency with the increase of the applied frequency.
3. Regardless of applied frequency, the pulsed PEO coating process resulted in an improvement of the corrosion resistance of Al-Mg alloy. Particularly, the applied frequency of 100 Hz resulted in the most noble corrosion potential and one order of magnitude lower corrosion current density than that of the substrate.
